Abstract α-Synuclein is a small, natively unstructured protein with propensity to aggregate. α-Synuclein fibrils are major components of Lewy bodies that are hallmarks of many neurodegenerative diseases. The solution properties and aggregation behavior of α-synuclein has been well characterized, but despite numerous studies that address the role of α-synuclein in cells, a clear physiological function of this protein remains a mystery. Over a hundred review articles of α-synuclein have been written in the last decade, making it difficult to list all of the important studies that have added to our insight of α-synuclein physiology. Instead, we briefly review the status of α-synuclein research and propose a model based on the idea that α-synuclein may not have an intrinsic activity in cells but rather, it modifies the function of a group of protein partners that in turn affect cell processes. We propose that it is the loss of its cellular partners under oxidative conditions that promotes α-synuclein aggregation accelerating neuronal death.
Overview α-Synuclein is a small protein, comprising of 140 amino acids. α-Synuclein is conserved from fish to birds to mammals, and appears to be exclusive to vertebrates (for review see George 2002) ). The protein is highly expressed in neuronal tissue and is found at high levels in hematopoietic cells. α-Synuclein has been the subject of intense study ever since its mutant forms were directly connected to familial Parkinson's disease (see (Parsian et al. 1998; Lundvig et al. 2005) ). Strengthening the connection between α-synuclein and neurodegeneration is the observation that α-synuclein constitutes a major component in plaques called Lewy bodies that are found in neurodegenerative diseases such as Parkinson's and Alzheimer's (see for background (George 2002; Lundvig et al. 2005; Duda et al. 2000; Narayanan and Scarlata 2001) ). These and subsequent studies launched a large body of work that focused on the structure and aggregation properties of α-synuclein (see (Parsian et al. 1998) ). While we now have a good understanding of the parameters that influence the transition of α-synuclein from an unstructured monomer, to a helical tetramer to a beta-stranded fibril (Fig. 1) , the cellular mechanisms responsible for initiating and promoting these aggregated states are unclear. Adding to our ignorance is the fact that the cellular function of α-synuclein remains unknown despite the many studies involving knock-out mice and cultured cells. Numerous reviews about different aspects of α-synuclein have been written and it is not our intention here to provide a comprehensive summary of the state of α-synuclein research. Rather, we will summarize the salient points about the biophysical properties and functional aspects of α-synuclein and present a hypothesis of the cellular role α-synuclein plays and a possible mechanism that may underlie α-synuclein -related diseases.
Structural characterization of α-synuclein α-Synuclein is classified as a 'natively unfolded' protein (Weinreb et al. 1996) . When α-synuclein is bacterially expressed and purified using high heat ( (Weinreb et al. 1996; Jakes et al. 1994) ), the resulting protein lacks secondary structure as seen by circular dichroism and nmr (see (Eliezer et al. 2001) ). However, when purified from bacteria under nondenaturing conditions, α-synuclein appears as a helical tetramer (Bartels et al. 2011) , although some controversy remains as to the native state of the protein in cells (Wang et al. 2011; CoelhoCerqueira et al. 2013) . When stored for several days at room temperature under non-denaturing conditions, purified α-synuclein aggregates to tetramers and higher order oligomers that are resistant to dissociation by SDS and other denaturants (see Fig. 1 ). At high concentrations, α-synuclein will form β-stranded fibrils that resemble those found in neurodegenerative plaques (Conway et al. 2000) . Variations in environmental conditions change the propensity of the unstructured monomer to form helical tetramers and fibrils. While it is difficult to understand the behavior of α-synuclein point mutants associated with Parkinson's disease from aggregation studies, they rationalize the early onset of neurodegeneration associated with multiple copies of the SNCA gene encoding α-synuclein (e.g. (Singleton et al. 2003; Chartier-Harlin et al. 2004) ) and the observation of aggregates in cultured cells when α-synuclein is over-produced. It is notable that studies of point mutants of α-synuclein that underlie familiar Parkinson's disease suggest that neuropathicity results from α-synuclein oligomerization that precedes fibrillation (Jakes et al. 1994) .
α-Synuclein has three major domains. The amino terminal (residues 1-60) contains several imperfect~11 amino acids repeats built around the hexamer KTKEGV although this motif is not strictly conserved. These repeats share similarity to a class of apolipoproteins that are associated with lipid binding which acquire helical conformations when lipid bound.
The middle region of the protein (residues 61-95) is more hydrophobic. This region, called the non-amyloid component (NAC) was the portion of α-synuclein first identified in Lewy bodies. Within this region is a 12 amino acid hydrophobic stretch that is thought to be responsible for α-synuclein aggregation. This hydrophobic stretch is not found in the other two members of synuclein family (β-and γ) that do not form fibrils and are not found in Lewy bodies even though they are also highly expressed in neuronal tissue. It is notable that γ-synuclein will form tetramers when purified from E. coli, but has a greatly reduced ability to aggregate into higher order oligomers as compared to α-synuclein (e.g. (Singleton et al. 2003) ).
Synuclein interacts with membranes
In one of the first biophysical studies of α-synuclein, Davidson and coworkers showed that when α-synuclein is incubated for several hours at 37°C with sonicated vesicles composed of at least 30 % anionic lipids, it will interact with the lipids and form helical aggregates (Davidson et al. 1998 ). These helical aggregates were in sharp contrast to the β-sheet fibrils that typify neurodegenerative plaques, and led to the speculation that membrane bound synuclein has a high propensity to aggregate (Lee et al. 2002) . Subsequently, our lab quantified the binding of α-synuclein to membranes of varying composition in real time by measuring the changes in intrinsic α-synuclein fluorescence (Narayanan and Scarlata 2001) . The addition of monomeric 'random coil' α-synuclein to membranes of varying compositions resulted in strong binding with a preference for lipids with negatively charged head groups and for the signaling lipid phosphatidyl inositol 4,5 bisphosphate (PIP 2 ) (Narayanan et al. 2005) . In contrast to previous reports, these studies showed that membrane binding of α-synuclein under conditions of excess lipid, as would be expected in the cell, prevented α-synuclein oligomerization. Subsequent studies by other labs including the comprehensive work by Rhoades and coworkers have characterized the optimal membrane characteristics for α-synuclein (Middleton and Rhoades 2010) . It is also now believed that membrane interactions will compete with interactions between α-synuclein monomers and inhibit oligomerization. It is not clear if α-synuclein is membrane bound in cells since imaging studies tend to show the protein as being widely dispersed with a large perinuclear population (e.g. Fig. 2 ). However, it is notable that many of the proposed α-synuclein binding partners are membrane bound and/or participate in lipid signaling and other membrane events (see below).
Functional studies of α-synuclein
Despite its importance in disease, the cellular function of α-synuclein has not yet been clearly identified. It is known that its expression changes with development and is linked to song learning in songbirds, suggesting some role in synaptic plasticity (George et al. 1995) . Studies using cultured cells point towards a role of α-synuclein in neuronal development and dopamine function (Stefanis et al. 2001) , however, the generation of knock-out mice did not offer other clues into its physiological roles on an organism level (Abeliovich et al. 2000) . The mice were viable and almost fully functional with no major motor, behavioral or developmental defects. Even though α-synuclein aggregates are directly linked to cell toxicity (e.g. (Wan and Chung 2012)), no major changes in the distribution of vesicular or presynaptic proteins were found in knock-out mice indicating that α-synuclein was not essential for neuronal differentiation and development. It is important to note that Murphy and coworkers did find minor changes in the lipid composition of endosomes and other subcelluar organelles (Singleton et al. 2003; Golovko et al. 2007) . One approach to uncover α-synuclein function is to determine its cellular binding partners. Being 'natively unfolded', α-synuclein has been found to bind to many cellular proteins such as synphilin (Engelender et al. 1999) , the transcription factor Elk-1 (Iwata et al. 2001) , and Tat binding protein 1 (Ghee et al. 2000) to name a few. Proteomics studies identified a large number of potential binding partners which generally supports the role of synuclein in dopamine signaling and mitochondrial damage, these studies expand rather than narrow the potential interaction partners of α-synuclein (Jin et al. 2007) . Studies in tissue slices and cultured cells point to a role of α-synuclein in vesicle transport, endocytosis and neural plasticity (e.g. (Murphy et al. 2000) ). For example, α-synuclein can bind and inhibit phospholipase D2 (Jenco et al. 1998 ) which may influence vesicle release (Pronin et al. 2000) , and α-synuclein can bind to the dopamine transporters (Lee et al. 2001) correlating to a potential role in dopamine transport (Zhou et al. 2000; Lotharius and Brundin 2002; Tabrizi et al. 2000) . The ability of α-synuclein to bind to lipid membranes has led to the idea that it may form ion-selective channels although this does not appear to be the case. α-Synuclein has also been shown to bind to a Bcl-2 homolog that plays a role in mitochondrial disfunction, cytochrome C release and apoptosis correlating to the appearance of α-synuclein-cytochrome C complexes in Lewy bodies (Hashimoto et al. 1999) . Important for the model presented here (see below) is the strong similarity of α-synuclein to fatty acid binding proteins 14-3-3 which act as chaperone regulating activities of enzymes, and as protein adaptors (van Hemert et al. 2001; Ostrerova et al. 1999) .
Because α-synuclein prefers membranes containing PIP 2 , our lab investigated the ability of α-synuclein to interact with the PIP 2 -hydrolyzing enzyme, phospholipase Cβ (PLCβ) (for review see (Rebecchi and Pentyala 2000; Suh et al. 2008) ). Studies using purified proteins show that α-synuclein binds to PLCβ with a very strong affinity in solution (Narayanan and Scarlata 2001) . Binding between the two proteins in cultured cells has also been noted ). α-Synuclein was found to bind to the same site on PLCβ as Gαq subunits, and α-synuclein and PLCβ may remain associated until Gαq becomes activated during signaling. Upon Gαq activation, its affinity for PLCβ increases and it can displace α-synuclein .
PLCβ is activated by Gαq which mediates signals from ligands such as angiotensin, acetylcholine, dopamine and bradykinin (see (Exton 1996; Hepler and Gilman 1992) ) and activation of PLCβ leads to an increase in intracellular calcium. High calcium levels can result in activation of the calcium-sensitive protease calpain, which degrades PLCβ providing a negative feedback mechanism of signaling. We had noted that when the level of α-synuclein expression is increased by over-expression, the protein but not the transcript level of PLCβ similarly increases (Guo and Scarlata 2013) . Alternate studies showed that α-synuclein protects PLCβ from calpain cleavage ). This latter finding correlates well with the observation that α-synuclein moves from the plasma membrane to the cytosol with Gαq activation (see (Leng et al. 2001) ). It has recently been found that PLCβ can bind to and change the activity of a complex that promotes gene silencing by small RNAs (Philip et al. 2012 ). This binding site overlaps with the α-synuclein binding site as well as Gαq and calpain. Thus, just the simple binding of α- Oxidation and environmental factors in α-synuclein diseases Many environmental factors are thought to contribute to neurodegeneration due to synuclein pathology and of these, oxidative stress has been clearly established (for overview see (Halliwell 2006) ). The effect of oxidative stress on tissue and cells is profound. Oxidation results in modification of protein side chains and in α-synuclein, oxidation promotes nitrosylation tyrosine cross-linking (Bartels et al. 2011 , Wang et al. 2011 . Typically, oxidized proteins with modified side chains are degraded in proteosomes. However, this may not be the case for α-synuclein which appears to be degraded by a number of different pathways (see below and (CoelhoCerqueira et al. 2013 , Conway et al. 2000 . Oxidative stress has been closely linked to Parkinson's disease (see (Mizuno et al. 2008) ), and oxidative stress in conjunction with elevated cellular calcium has been proposed to promote α-synuclein aggregation (Goodwin et al. 2013 ). Interestingly, α-synuclein aggregation has been shown to disrupt mitochondria which may synergize the effects of oxidative stress (Hsu et al. 2000) .
α-Synuclein down-regulation
Adding to the confusion concerning α-synuclein function is its mechanism of down-regulation. Lewy bodies contain mono-ubiquitinated forms of α-synuclein and α-synuclein contains several active ubiquitination sites (Abeywardana et al. 2013) . Although proteosomal degradation of α-synuclein has been reported, the most prevalent pathway appears to be through chaperone-assisted autophagy by lysozomes (Ancolio et al. 2000; Cuervo et al. 2004) . It is notable that denatured and aggregated proteins are often down-regulated by autophagy pathways (for overview see (Li et al. 2011) ). It is possible that different down-regulation pathways used for α-synuclein may result from the nature of the particular binding partner it is attached to, as well as its ability to self-associate which may differentially expose potential ubiquitination sites and modified side chains.
A general model of α-synuclein function and disfunction This model is based on several key aspects of α-synuclein biology: 1-α-synuclein lacks a clear cellular function and lacks a clear phenotype in knock-out animals, 2-α-synuclein has the propensity to be an unstructured monomer, 3-α-synuclein has the ability to bind to multiple proteins, 4-the predominant degradation pathway of α-synuclein is chaperone-assisted autophagy, 5-α-synuclein bears a strong resemblance to the 14-3-3 family of chaperone proteins, 6-oxidation and mitochondrial disfunction play a key role in the progression of Parkinson's disease.
In general, biophysical studies suggest that α-synuclein is a plastic protein that can bind as a helical monomer or adapt other conformations to interact with a variety of cellular proteins and membranes, and these many partners prevent α-synuclein self-association and aggregation. Additionally, we speculate that α-synuclein does not have an intrinsic function but serves to alter/modify function of interacting partners or possibly membrane properties. The large number of potential interacting partners as well as the multiple effects that any individual interaction may have, as exemplified by PLCβ, can result in a multitude of direct and indirect cellular effects. This wide range of interactions explains the ability of cell to produce high levels of α-synuclein without greatly affecting cell properties as seen when knock-out mice are compared to control groups. Over-expression of α-synuclein has been shown to cause inclusions and neuronal death (Narayanan and Scarlata 2001) but under native conditions, if α-synuclein binds many partners, what triggers its self-association and subsequent large scale aggregation? We propose that aggregation is initiated and promoted by the loss of α-synuclein binding partners through events such as oxidation (Fig. 3) . This hypothesis is based on our finding that over-expression of α-synuclein results in the formation of oligomers which can be reversed by overexpression of a binding partner (i.e. PLCβ), and conversely, down-regulation of a binding partner (i.e. PLCβ) promotes α-synuclein aggregation (Guo and Scarlata 2013) . Importantly, we have found that oxidative stress results in a pronounced reduction in the level of many cellular proteins including PLCβ that are down-regulated by ubiquitin-mediated pathways, while the level of α-synuclein, which is primarily down-regulated by chaperone-assisted autophagy (Bartels et al. 2011) , appears unchanged (Guo and Scarlata 2013) . While our previous studies focused on PLCβ, many other cellular proteins and potential α-synuclein binding partners are lost when cells are subject to oxidative stress. The loss in protein partners would give rise to higher levels of unbound α-synuclein which may result in homo-oligomerization. In turn, aggregation will promote degradation of mitochondria. A cartoon describing this model is given in Fig. 3 . Support for this model comes from studies α-synuclein aggregation can be ablated using a peptide that blocks α-synuclein/PLCβ association thus suggesting a target for drug development (Guo and Scarlata 2013) . It is also important to note that oxidative stress would be expected to modify α-synuclein side chains which may promote aggregation.
This model for the mechanism underlying the aggregation of α-synuclein in cells is very general and more details are needed in regards to the specific effects of oxidation on α-synuclein and its partners, mitochondrial damage and downregulation mechanisms. It is also expected that complementary and novel mechanisms of aggregation will come to light as our understanding of α-synuclein's role in the cell progresses.
